The centrifugation process for the separation and/or the clarification of food and chemical liquids, requires complex and expensive machines called centrifugal separator. For example, the insertion of an expensive gear-box between the electric motor and the body of the separator and a longer starting time (about 10 min) are required. In an attempt to solve these two problems, in this work, the use of a modern multi-phase motor supplied by a variable-frequency drive (VFD) and without the gear-box has been considered. About the starting phase and the corresponding unsteady-state condition, a dynamic analysis of the traditional system, in comparison to the proposed one, was conducted. Thus, the starting time for the two cases was compared. The system with variable-frequency drive (VFD) presented a lower time (-16%) compared to the traditional one. This reduction of the starting time was found to be greater if the motor allows a starting phase with overload (-42%). Furthermore, through the equations obtained from the dynamic analysis, the starting time has been correlated with the rated power of the motor. By maintaining the high starting time in about 10 min, the equations give a halving of rated power of motor + VFD overloaded, compared to the traditional system, with a further advantage on the reduction of investment costs.
Introduction
The centrifugation process for the separation of liquids of different density and/or the clarification of turbid liquids in the food and chemical industry, requires the use of complex and therefore expensive machines [1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11 and 12] . The reasons for these high costs are due to the high rotational speed to be reached, also over 10,000 RPM. Therefore, the construction and the installation must be very accurate, to avoid dangerous imbalance during rotation [13, 14 and 15] . In addition, an expensive gear-box (multiplier), between the electric motor and the machine parts, must be inserted.
The time required in the starting phase of the centrifugal separator is another aspect that must be considered. In fact, the high inertia of the rotating parts and the high rotation speed would require the use of a very powerful electric motor [16] to make the starting phase rapid. To avoid over-sizing of the electric motor, a greater acceleration time is accepted. The compromise between the operational requirement and the cost of the motor, has led to accept acceleration times of the order of 10 minutes.
In the present work, a dynamical analysis [17] to correlate the acceleration time with the characteristics of the centrifugal separator, the gear-box and the asynchronous poly-phase electric motor [18] will be made. A second dynamical analysis [19] will be made on a mechanically simpler system, and therefore less expensive, because it will be without the gear-box. To solve the problem of the rotation speed rise between the motor and the centrifugal separator, the multiphase electric motor will be equipped with a variable-frequency drive (VFD) or simply called inverter [20] , able to electro-dynamically increase the rotation speed. The results of the two dynamic analysis will allow to see if a reduction in acceleration times will be possible, in addition to the reduction of investment costs.
Dynamical analyses

Influence of air friction
During the starting phase, the separator is not fed with the liquid to be clarified. Therefore, the internal parts of the separator (Fig. 1) , as the bowl and the discs, only undergo the air friction. In this section, we want to check if the air friction can be neglected without compromising the final results of the dynamic analysis. For this purpose and for reasons of simplicity, a constant mechanical power of the electric motor has been supposed (ideal motor).
The corresponding equation of the dynamics of the rotary motion of the centrifugal separator is:
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where: I is the moment of inertia; dωC /dt is the angular acceleration; TC is the torque from the gear box; TR is the torque due to air resistance; PC is the mechanical power, considered constant, from gear box to centrifugal separator; ωC is the angular velocity of the separator; k is the air drag coefficient. The solution of the ODE (1) is:
The C constant is obtained by initial condition: ωC = 0 when t = 0. 
And the solution is simply:
For the same initial condition (ωC = 0 when t = 0), then C=0. Considering the typical value of centrifugal separator parameters, as shown in Final angular velocity ωCF (s -1 ) 750
Centrifugal separator with three-phase asynchronous motor and gearbox without variable-frequency drive (VFD)
This is the traditional system which provides the mechanical feed to separator by using a three-phase asynchronous motor and gear-box. The motor [22] , with two poles, has a mechanical power PM, as in table 1, with delta connection also during starting time. The starting period is scheduled without the liquid to process. With the European network electric frequency equal to 50 Hz, the synchronous angular speed of the motor is ωMS = 314 s -1 and to have a torque TM>0, a sleep s, as the difference between synchronous speed and operating speed, is necessary. Considering the torque that the separator needs during the steady-state condition to process the liquid, the sleep s is:
Where: ωMS is the synchronous angular speed; ωMR is the rotor angular speed. From the (5) 
Where: K1, K2 and K3 are constant parameters depending from the motor. (5) and (6), the equation of rotational motion, in unsteady-state condition, is:
Recalling that the separator angular speed is ωC = τ·ωMR, where τ is the speed ratio and ωMR is the rotor angular speed and that the gear-box efficiency is
, the previous (7) becomes:
The solution [23] of ODE (8) is:
The C constant is obtained by initial condition: ωC = 0 when t = 0.
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Centrifugal separator with three-phase asynchronous motor and variable-frequency drive (VFD) without gear-box
In modern asynchronous motors with variable-frequency drive (VFD) , that is, motors equipped with an electronic system of the power supply frequency adjustment, it is possible to obtain curves of the torque vs. speed characterized by a first portion at a constant torque (power increasing linearly) until the peak value, corresponding to the angular speed ωMP. The second part of the torque-speed curve, instead is characterized by a constant power, and then by a torque decreasing according to a hyperbola. (fig. 3) . With asynchronous two-pole motor, the power supply with a frequency of 50 Hz produces a synchronous angular speed of the motor ωMS = 314 s -1 , but the presence of the inverter allows to increase the frequency up to bring the maximum angular speed to about 450-500 s -1 . It is a low value for the rotation of the centrifugal separator, but if the electric motor is also built to withstand higher speed, a maximum speed ωMmax = 750 s -1 , corresponding to that request from the separator ωCF (tab.1) can be reached. The advantage of such a system lies in the elimination of the gear-box, which more than offsets the higher cost of the motor + variable-frequency drive (VFD). The starting time, corresponding to the first portion of the curve of figure 3, is derived from the simple equation of dynamics:
Where: ωM is the angular speed of the motor during the starting time and it is equal to the angular speed of the centrifugal separator ωC; the torque TM is constant
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; if ωMP is 301 s -1 and PM is like in the table 1, then TM is 66.5 Nm. The solution of (10) from 0 to ωMP, is:
The second stretch of the torque speed curve corresponds to the time t2 to accelerate the centrifuge from the peak velocity ωMP = 301 at maximum speed ωMmax = ωCF = 750 s -1 . The time t2 is obtained from the integration of the dynamic equation with constant power PM, and then with the variable torque
During the starting time, in many electrical motors, an increase of current for a short time of the order of some minutes, is possible. This increase of the absorbed current, during the starting time, allows to obtain a torque curve vs. speed, as in figure 4 , with an increase of torque up to a peak value
(see eq. (1)), in the first portion of the curve corresponding to the interval t1. This increase of TM vs. ωM = ωC is like a parabola:
Where: a, b and c are constants depending of the motor and the variablefrequency drive (VFD) . The (14) is valid for per 0 ≤ ωM ≤ ωMP = 301 s -1 . Therefore, the equation of the dynamics is:
The solution of the ODE (15), from 0 to ωMP, is: For the next leg of the curve of torque vs. speed ( fig. 4) , to accelerate the centrifugal separator from the peak speed ωMP = 301 s -1 at maximum speed ωMmax = 750 s -1 , the time t2 is obtained through eq. (13), where: 
Results
The specifications of electric motors in comparison, are presented in Table 2 . The torque curve vs. speed of standard three-phase asynchronous motor without variable-frequency drive (VFD) is presented in Figure 2 , while the curve of the torque vs. speed for the motor with variable-frequency drive (VFD) without overload, is visible in Figure 3 . Instead figure 4 shows the torque-speed curve when the motor during the starting phase is overloaded.
The input of the data (Tab. 2) in equations (9), (11), (13) and (16), provides the starting time in the three cases: asynchronous standard motor with gear-box, asynchronous motor with VFD and no overload and motor with VFD and overload. Figure 5 shows the results obtained. The total starting time of the motor with variable-frequency drive (VFD) is lower than the standard motor with gear-box, of the 16%. More favorable is the result of the motor with VFD and in overload, with a reduction of the starting time equal to 42%.
Finally, equations (13) and (16), obtained from the dynamical analysis in unsteady-state condition for the motor with the VFD in overload, allowed to correlate the starting time with the rated power of the electric motor. Figure 6 shows the starting time vs. the rated power and indicates the maintaining of starting time in about 10 min, as accepted by the industrial community, corresponding to halving of motor power compared to the traditional system, with a further advantage on the reduction of investment costs. 
Conclusions
The construction and use of centrifugal separators present, respectively, two problems: 1) the insertion of an expensive gear-box between the asynchronous poly-phase electric motor and the body of the separator; 2) a long starting time of the machine. In an attempt to solve these two problems, in this work the use of a modern multiphase motor supplied by an variable-frequency drive (VFD) has been considered. That is, a system able to reach the high speeds of rotation required by the separator without the installation of the gear-box. Moreover, given the starting phase and the corresponding unsteady-state condition, a dynamic analysis of the traditional system, in comparison to the proposed one, was conducted. Thus, the starting time for the two cases was compared. The system with VFD presented a lower time (-16%) compared to the traditional one. This reduction of the starting time was found to be greater if the motor allows a starting phase with overload (-42%). Finally, through the equations obtained from the dynamic analysis in unsteadystate condition, the starting time has been correlated with the rated power of the electric motor. Therefore, the maintaining of the starting time, accepted by the industrial community and equal to about 10 min, furnishes a halving of rated power of motor + VFD overloaded, compared to the traditional system, with a further advantage on the reduction of investment costs.
